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1 3.  ABSTRACT  (MsodmLm  200  words) 

Investigation  into  the  design  and  fabrication  of  high  dispersion  optical  fiber  is 
presented.  Once  fabricated,  this  high  dispersion  fiber  could  be  used  in  signal 
processing  and  communications  systems.  A  novel  optical  switch  that  is  fabricated 
using  highly  over-coupled  couplers  (HOCC)  is  also  presented.  By  changing  the  length 
of  the  fused  taper  section  of  2x2  coupled  fiber,  the  ratio  of  the  power  of  the  two 
outputs  will  change.  This  device  can  also  be  used  for  strain  measurement  as  well  as 
for  modulation. 
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I.  Reseai’ch  Accomplishments  in  1994 

The  major  research  accomplishment  during  the  past  year  was  the  develoiJinent 
of  highly  overcouirled  couplers  (HOCC)  that  can  be  used  as  switches  [1],  and  in  the 
demodulation  of  Bragg  gratings.  We  are  able  to  illustrate  an  improved  technique  ca¬ 
pable  of  detecting  small  Bragg  wavelength  shifts  using  highly  over  coupled  couplers 
(HOCC).  The  light  intensity  in  an  output  arm  changes  bj^  60%  with  each  nano¬ 
meter  change  in  the  peak  Bragg  wavelength.  This  was  achieved  with  an  HOCC 
fabricated  with  600  cycles.  The  minimum  detectability  is  six  times  smaller  than 
previously  reported  using  a  commercial  wavelength  division  multiplexer  (WDM) 
(10%/nm).  With  our  HOCC,  a  5  pW  LED  and  a  95%  reflective  Bragg  grating  we 
could  detect  10  /^strain.  This  compares  favorably  with  an  optical  spectrum  ana¬ 
lyzer  which  has  a  typical  resolution  of  0.1  nm  (corresponding  to  100  /istrain  under 
the  same  experimental  conditions).  This  is  an  inexpensive  technique  for  measuring 
wavelength  shifts. 

II.  HOCCs  as  Bragg  Grating  Demodulators 

Fiber  Bragg  gratings  (FBG)  are  made  by  producing  a  periodic  perturbation  in 
the  index  of  reflection  of  the  flber  core,  and  these  structures  are  useful  in  techniques 
involving  both  active  and  passive  fiber  devices  [2].  The  advantages  of  these  gratings 
are  that  thej-  are  are  compatible  with  fiber  network  systems,  they  have  low  insertion 
loss  and  can  be  used  as  narrow  band  reflectors  in  all  optical  flber  lasers  and  as  strain 
or  temperature  sensing  devices.  In  contrast,  an  expensive  spectrum  analyzer  with 
maximum  resolution  of  0.1  nm  is  usually  used  to  detect  Bragg  wavelength  shifts  in 
sensing  applications. 

Recently,  much  effort  has  been  focused  on  developing  simple  and  inexpensive 
techniques  to  detect  Bragg  wavelength  shifts  [3-5].  These  shifts  can  be  measured 
using  interferometric  schemes  [3]  or  using  the  slope  of  a  broad  band  Alter  [4].  Davis 
and  Kersey  [3]  reported  that  a  commercially  available  wavelength  division  multi¬ 
plexer  (WDM)  can  be  used  for  wavelength  shift  detection  since  it  exhibits  a  charac¬ 
teristic  wavelength  to  intensity  transfer  function  which  is  referred  to  as  the  spectral 
slope.  The  spectral  slope  of  a  commercial  WDM  is,  typically,  less  than  10%/nm 
and  this  limits  the  minimum  detectable  Bragg  wavelength  shift.  One  can  use  a 
very  powerful  light  source  to  compensate  for  the  limitations  due  to  a  shallow  slope 
function.  In  this  paper,  we  present  an  improvement  that  uses  highly  over-coupled 
couplers  (HOCC)  to  improve  the  slope  steepness.  We  have  fabricated  these  devices 
in  our  laboratory  for  use  as  optical  switches,  narrowband  WDM,  sensors,  and  Bragg 
grating  demodulators  [6,7].  As  a  result,  even  with  a  weak  light  source,  we  are  able 
to  detect  10  /./strain. 

The  spectral  slope  of  a  coupler  is  determined  by  the  pulling  length  during  the 
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coupler  fabrication  process  [8].  The  coupling  phenomenon  is  caused  by  the  mode 
beating  [S]  that  takes  place  in  the  narrow  fiber  neck  section.  As  the  fibers  are 
fused  together  in  this  neck  section  the  extent  of  mode  beating  is  a  function  of  the 
optical  path  length  along  this  core.  During  the  coupler  fabrication  process,  the 
output  intensities  are  measured  from  the  two  leads  of  the  coupler.  1  shows  a  typical 
measured  intensity  cycling  of  a  HOCC  fabricated  using  a  1300  nm  laser  diode  as 
light  source.  It  can  be  shown  that  the  number  of  cycles  increases  exponentially  with 
the  elongation  length. 

Commercial  3dB  couplers  are  usually  made  by  stopping  the  elongation  and  con¬ 
sequently  the  coupling  process  after  the  first  cycle.  These  devices  have  a  dependence 
of  (intensity  shift)/(AA)B,„5g  (  0.2%/nm).  A  WDM  can  be  made  utilizing  Over 
Coupled  Couplers  (OCC)  by  controlling  the  number  of  cycles  to  produce  the  de¬ 
sired  spectral  response;  Typically,  fiber  coupler  W'DM’s  are  made  by  elongating  the 
fibers  such  that  several  cycles  occur.  Therefore,  a  WDM  is  a  slightly  over-coupled 
coupler.  Using  an  arbitrary  measure,  we  define  couplers  with  over  100  cycles  as 
highly  over-cou23led  couiDlers  (HOCC).  Their  proj^erties  are  discussed  below. 

The  minimum  detectable  Bragg  wavelength  shift  that  may  be  detected  using  a 
HOCC  may  be  estimated  as  follows.  From  Fig.  2,  we  see  that  as  the  number  of 
cycles  increases,  the  bandwidth  (BW=distance  between  cycles)  decreases  such  that 
N  X  BW  =  const.  We  may  api^roximate  the  slope  of  the  intensity  as  a  function  of 
wavelength  such  that  (sloi^e)  I/(BW/4).  See  Fig.  2.  Therefore,  if  a  signal  sent 
through  the  coujDler  changes  by  AA,  there  will  be  a  corresi^onding  change  in  the 
detected  intensity.  This  is  given  as 


(  A/)(/e(ec(e(i 
Braggshi  ft 


=  AI/BW 


Since  ^  =  .78^,  where  ^  is  the  strain,  we  obtain  the  result  that 
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The  above  expression  assumes  that  the  coupler  is  lossless,  and  that  increasing 
N  always  leads  to  increased  sensitivitj^  As  seen  in  Fig.  1,  for  an  HOCC,  the 
intensity  can  decrease  and  the  coupler  in  the  final  stage,  cycles  between  30%  and 
70%.  This  does  not  necessarilly  indicate  an  inefficient  coupler.  The  explanation 
for  this  phenomenon  is  that  the  mode  beating  that  determines  the  coupler  cycling 
depends  upon  a  beating  between  the  fundamental  symmetric  mode  and  the  first 
order  anti-symmetric  mode.  If  both  modes  share  the  same  fraction  of  power,  the 
beating  magnitude  is  100%.  However  when  mode  conversion  occurs,  a  fraction 
of  the  }30wer  in  the  antisymmetric  mode  is  transferred  to  the  fundaniental  mode 
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resulting  in  incomi^lete  transfer  of  power  between  the  fibers.  This  is  analagous  to 
the  decrease  in  fringe  visibility  that  can  occur  in  interferometry.  We  have  observed 
at  approximately  2000  cycles,  when  the  modal  cutoff  is  approached  [7],  the  fibers 
become  too  small  to  support  the  propagation  of  the  antisymmetric  mode.  The 
oscillation  behavior  comiiletely  vanishes  resulting  in  a  zero  slope. 

Therefore,  while  it  is  advantageous  to  increase  the  slope  by  using  HOCCs,  the 
maximum  wavelength  shift  that  can  be  detected  in  the  “linear”  portion  of  a  cycle 
becomes  smaller  as  N  increases.  This  can  be  seen  in  Fig.  2,  where  we  show  first  a 
significant  increase  in  sensitivity  with  increasing  number  of  cycles j  a  peak  near  650 
cycles,  and  then  a  decline.  Thus,  for  the  HOCC’s  fabricated  for  this  work,  there 
appears  to  be  a  maximum  in  the  sensitivity  that  can  be  obtained.  The  value  of 
NB^¥—  const,  is  obtained  from  Fig. 2,  and  the  constant  has  the  numerical  value  of 
xxxx.  Using  the  N=650  as  the  optimum  number  of  cycles,  we  find  that 
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Our  detector  was  such  that  ^  %  .02,  and  a  minimum  detectable  Bragg  shift  of 
10  fi  strains  is  obtained.  With  better  detector  stability  this  can  be  readily  improved 
upon. 

With  AA/A  =  0.78  A///,  a  strain  application  at  a  wavelength  of  1550  nm  will 
require  the  detection  of  a  maximum  wavelength  shift  of  12  nm.  In  such  a  case, 
a  HOCC  must  be  made  with  approximately  50  cycles  for  the  maximum  slope  to 
correspond  to  the  maximum  change.  The  spectral  response  of  an  HOCC  with 
626  cycles  is  shown  in  Fig.  2.  The  maximum  wavelength  change  that  this  can 
demodulate  in  the  linear  range  is  2.6  nm,  which  corresponds  to  a  total  strain  of  2200 
;U-strain.  This  is  well  within  the  limit  to  which  a  fiber  can  be  strained,  typicaly  fs; 
1%. 

In  order  to  tune  the  HOCC  to  the  desired  spectral  position,  a  temperature 
controlled  package  was  developed.  This  also  reduced  thermal  fiuctuations.  As 
shown  in  Fig.  3,  the  spectrum  of  the  HOCC  shifts  towards  shorter  wavelengths 
as  ambient  temperature  increases.  In  the  present  study,  the  Bragg  wavelength  was 
centered  at  1548. 3  nm.  The  ambient  temperature  was  elevated  to  45  "C  in  order  to 
position  the  spectrum  at  the  desired  linear  region. 

Fig.  4  shows  the  experimental  setup  for  measuring  Bragg  wavelength  shifts 
using  an  HOCC  with  a  5  yuW  edge  emitting  LED  at  1550  nm  as  the  light  source. 
The  95%  reflective  grating  was  fabricated  in  a  hydrogen  loaded  AT&T  Accutether 
fiber.  The  fiber  was  then  exposed  to  KrF  excimer  laser  for  60  seconds.  A  1070  nm 
phase  mask  was  used  to  generate  the  interference  pattern.  The  grating  fiber  was 
fusion  spliced  to  a  regular  3  dB  coupler  at  1550  nm.  On  the  receiving  port,  one  arm 


3 


of  the  3  dB  coupler  was  also  fusion  spliced  to  the  626  cycle  HOCC.  The  outputs 
from  the  HOCC  were  received  by  a  pair  of  germanium  photodiodes  and  processed 
by  computer  software  as  shown  in  Fig.  4  to  eliminate  the  i^ower  fluctuations  from 
the  light  source. 

The  fiber  on  either  side  of  the  Bragg  grating  sensor  was  bonded  to  a  micro- 
translational  stage  to  provide  accurate  displacement  measurements.  Strain  was 
calculated  by  division  of  the  displacement  value  over  the  total  fiber  length  between 
the  two  bonding  points.  Fig.  5  shows  the  sensor  output  measured  as  a  function  of 
strain.  As  can  be  seen  excellent  linearity  was  observed  throughout  the  measured 
region.  In  addition,  the  system  showed  good  long  term  stability  and  repeatability. 
The  data  in  Fig.  5  indicate  a  minimum  strain  detectability  of  10  micro  strain,  when 
an  LED  emitting  5  pW  of  power  was  used.  This  is  an  improvement  of  at  least  2 
orders  of  magnitude  compared  with  previously  reported  results  using  a  WDM.  The 
improvement  is  due  to  the  increase  in  the  siDectral  slope  of  the  HOCC  used  to  detect 
the  Bragg  wavelength  shifts. 

Since  the  spectral  slope  of  an  HOCC  is  directly  proportional  to  the  intensity  of 
light  launched  into  the  fiber,  using  a  stronger  light  source  will  significantly  increase 
the  minimum  detectability,  ie.,  the  smallest  A(A)  in  the  Bragg  wavelength  peak. 
The  HOCC  presented  here  has  a  spectral  range  of  2.1  nm  corresponding  to  a  max¬ 
imum  wavelength  shift  of  1  millistrain.  Since  an  HOCC  can  be  fabricated  with  a 
specific  number  of  cycles  (up  to  the  modal  cut-off),  the  number  of  cycles  can  be 
based  on  the  desired  sensitivity  and  dynamic  range.  See  Fig.  2. 

In  conclusion,  we  have  demonstrated  an  improved  technique  to  detect  the  Bragg 
wavelength  shifts  by  using  HOCCs.  For  the  HOCC  used  here,  It  was  found  that 
the  spectral  slope  increases  initially  with  the  cycles  and  reaches  the  maximum  value 
at  approximately  600  cycles.  This  will  vary  for  different  HOCC’s.  The  minimum 
detectability  of  approximately  10  micro  strain  was  achieved  when  a  5  LED  and 
a  626  cycles  HOCC  were  used.  Since  the  sensitivity  (minimum  detectable  Bragg 
wavelength  shift)  is  proportional  to  the  strength  of  the  light  source,  a  500  pAA  LED 
would  permit  the  measurement  of  .  1  n  strain. 

III.  Dispersion  Shifted  Fibers 

The  other  task  that  we  had  addressed  during  this  past  year  was  that  of  obtaining 
a  fiber  with  high  dispersion  so  that  pulse  spreading  can  be  compensated.  Initially, 
we  had  envisioned  that  a  Ta  doped  optical  fiber  would  have  more  material  dispersion 
than  a  Ge  doped  fiber.  This  proved  not  to  be  the  case  and  the  Ta  doped  fiber  that  we 
produced  that  was  evaluated  at  the  Photonics  Laboratory  proved  to  have  minimal 
dispersion.  Upon  further  discussion  with  Dr.  Ann  Miller  of  ATArT,  we  obtained 
fiber  profiles  and  doping  levels  that  have  produced  high  dispersion  with  relatively 
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low  loss.  It  will  be  ovir  intention  during  the  coming  months  to  fabricate  some  of 
these  profiles  that  will  have  higher  values  of  dispersion,  and  that  can  be  used  to 
compensate  for  pulse  spreading. 

IV.  Future  Efforts 

Future  efforts  will  concentrate  on  develoiDinent  of  the  electro-optic  switch  de¬ 
scribed  above.  We  will  also  place  particular  effort  on  the  fabrication  of  optical 
fibers  that  may  be  used  for  dispersion  compensation.  In  addition,  we  will  attempt 
to  use  our  Bragg  grating  technology  to  fabricate  MOPA’s  (Master  Oscillator  Power 
Amplifiers)  in  the  2.0  micron  region. 

V.  Figure  captions: 

Fig.  1.  The  normalized  output  from  the  two  fiber  leads  of  a  HOCC  taken  during  the 
manufacturing  process. 

Fig.  2.  Maximum  wavelength  shift  as  a  function  of  the  number  of  cycles;  Normalized 
slope  (A(/)//)/A(A)/A) 

Fig.  3.  Spectral  response  of  626  cycle  HOCC.  Dashed  line:  room  temperature;  solid 
line:  45  °C. 

Fig.  4.  Experimental  setup  for  Bragg  wavelength  detection  using  HOCC. 

Fig.  5.  Experimental  measurements  from  the  sensor  indicates  good  linear  response. 
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suggest  improvements.  Use  the  back  of  this  sheet  if  necessary. 


2.  Do  any  specific  areas  of  the  report  stand  out  as  exceptional? 

Yes _  No _ 

If  yes,  please  identify  the  area(s),  and  comment  on  what 
aspects  make  them  "stand  out." 


3.  Do  any  specific  areas  of  the  report  stand  out  as  inferior? 

Yes _  No _ 

If  yes,  please  identify  the  area(s)  ,  and  comment  on  what 
aspects  make  them  "stand  out." 

4.  Please  utilize  the  space  below  to  comment  on  any  other  aspects 
of  the  report.  Comments  on  both  technical  content  and  reporting 
format  are  desired. 


MISSION 

OF 

ROME  LABORATORY 


Mission.  The  mission  of  Rome  Laboratory  is  to  advance  the  science  and 
technologies  of  command,  control,  communications  and  intelligence  and  to 
transition  them  into  systems  to  meet  customer  needs.  To  achieve  this, 
Rome  Lab; 

a.  Conducts  vigorous  research,  development  and  test  programs  in  all 
applicable  technologies; 

b.  Transitions  technology  to  current  and  future  systems  to  improve 
operational  capability,  readiness,  and  supportability; 

c.  Provides  a  full  range  of  technical  support  to  Air  Force  Materiel 
Command  product  centers  and  other  Air  Force  organizations; 

d.  Promotes  transfer  of  technology  to  the  private  sector; 

e.  Maintains  leading  edge  technological  expertise  in  the  areas  of 
surveillance,  communications,  command  and  control,  intelligence,  reliability 
science,  electro-magnetic  technology,  photonics,  signal  processing,  and 
computational  science. 

The  thrust  areas  of  technical  competence  include:  Surveillance, 
Communications,  Command  and  Control,  Intelligence,  Signal  Processing, 
Computer  Science  and  Technology,  Electromagnetic  Technology, 
Photonics  and  Reliability  Sciences. 


